Efficient endocytosis is crucial for maintaining synaptic transmission because of its role in retrieving constituent membrane and associated proteins. In the past three decades three modes of endocytosis have been proposed involving the central nervous system: clathrin-mediated endocytosis, kiss-and-run endocytosis and bulk endocytosis. These forms of endocytosis can be induced under different conditions, but their detailed molecular mechanisms and functions are largely unknown. Here, we review the existence and initiation of all three modes of endocytosis at a giant glutamatergic synapse, the calyx of Held. The possibility of direct electrophysiology recording in this synapse allows for accurate tracking of exocytosis and endocytosis via capacitance measurements. Future aims will be focused on identifying the molecules that undergo the different mechanisms of endocytosis and the conditions under which different forms of endocytosis predominate.
Introduction
Neuronal communication relies on synaptic transmission. In the central nervous system (CNS), neurons can fire in the range of 10-100 Hz. However, typical presynaptic terminals in the CNS only have several hundred synaptic vesicles per active zone (AZ). Therefore, efficient endocytosis is crucial to prevent complete exhaustion of secretion-competent vesicles and also to help maintain normal terminal morphology by retrieving excess membrane. A good example of the importance of endocytosis is shibire, a temperature-sensitive phenotype in Drosophila. In this model, neurons cannot retrieve synaptic vesicles at high temperatures, eventually leading to paralysis and falling.
Although the exact mechanisms by which the presynaptic terminal retrieves membrane upon exocytosis are still unclear, there are three hypothetical forms of endocytosis ( Figure  1 ): clathrin-mediated endocytosis (CME), a fast recapture of vesicles called kiss-and-run endocytosis, and bulk endocytosis [1] [2] [3] [4] . In 1973, Heuser and Reese published their pioneer electron microscopy (EM) findings describing the CME model in the frog neuromuscular junction (NMJ) [2] . In this model, the vesicles fully collapse with the plasma membrane and are retrieved by CME. The coated pit and cisternae are frequently observed under 10 Hz stimulation for 1 min. In the same year, Ceccarelli demonstrated a second model of endocytosis. Following 2 h of low-frequency stimulation at 2 Hz, the synaptic vesicle was released and retrieved at the same site instead of forming clathrin-coated vesicles [3] . This mode was later named "kiss-and-run" endocytosis [5] . Bulk endocytosis, which is a phenomenon in which a large piece of membrane is retrieved from the presynaptic plasma membrane, has also been frequently observed in several model cells, including the frog NMJ [4] , rat hippocampal neurons [6] and goldfish bipolar cells [7] . Here, we review the evidence, the mechanisms, and the physiological importance of all three modes of endocytosis at the calyx of Held, a giant synapse mediating auditory processing in the brain stem [8] .
Capacitance measurement at the calyx of Held
Although clathrin-dependent endocytosis is well accepted, the existence of kiss-and-run and bulk endocytosis and their physiological importance are still debated owing to a lack of direct evidence more than three decades after their initial description (See Table 1 for the debate on kiss-and-run). One major difficulty is resolving the rapid fusion and fission processes. Capacitance measurement, a powerful technique with a time resolution of approximately 1 ms, has been applied to address these problems. The principle on which this technique is based is quite simple: the capacitance of the membrane is proportional to its surface area [9] . When synaptic vesicles fuse with the plasma membrane, the surface area of the presynaptic membrane increases, thereby increasing membrane capaci- tance. Therefore, an increase in capacitance indicates exocytosis, whereas a decrease indicates endocytosis. The major drawback of this technique is that it requires patch clamp recordings at large nerve terminals. Certain invertebrate giant synapses have been used to study presynaptic func tions [10, 11] . However, similar studies in vertebrate synapses are more difficult due to the technical complexities involved in patch clamp recording from small nerve terminals.
The calyx of Held is a very large glutamatergic synapse of the auditory pathway in the brain stem and is suitable for studying fast transmitter release in the vertebrate CNS ( Figure  2A ) [12] . The calyx of Held originates from globular bushy cells (GBC) in the anterior ventral cochlear nucleus (aVCN) [12] , copyright 1995. Figure 2B ). These properties confer unique advantages in the study of the presynaptic mechanisms of transmitter release and short-term plasticity. This model also allows us to characterize the different kinetics involved in endocytosis [13] [14] [15] [16] .
Rate of endocytosis depends on stimulation intensity
Several studies have determined that the rate of endocytosis depends on stimulation intensity [13, 17, 18] . A mild stimulation (action potential equivalent, AP-e) results in only brief endocytosis. A 50 AP-e stimulation at 100 Hz causes an abrupt increase of capacitance, indicating exocytosis. This is followed by a slow decrease in capacitance, indicating endocytosis with a time constant of 10-20 s. If the stimulation intensity is further increased to 200 AP-e at 100 Hz, the increase in capacitance is higher, and a rapid endocytosis with a time constant of 1-2 s occurs, followed by slow endocytosis ( Figure 3A ). Rapid endocytosis may be physiologically important during high frequency stimulation because of increased intracellular calcium [18] . Under certain strong stimulation protocols (for example, 10 pulses of 20 ms stimulation at 10 Hz), bulk endocytosis is observed, which is characterized by a large downward shift in capacitance of approximately 50-300 ms ( Figure 3B ). For a single vesicle, the average membrane capacitance is 23-220 attofarads (aF) with a mean of 73 aF [19] . This decrease in capacitance under strong stimulation therefore reflects the endocytosis of a very large piece of membrane. The decrease in capacitance in these cases may be on the order of 100 femtofarads (fF), equivalent to a simultaneous retrieval of 1000-2000 synaptic vesicles [19, 20] .
Cell-attached recordings characterize all three modes of endocytosis
The rapid and slow types of endocytosis observed in the calyx of Held may reflect the action of kiss-and-run endocytosis and CME, respectively. Studies from bipolar cells, however, have shown that full collapse fusion could also be followed by rapid endocytosis [21] . In addition to the rate of endocytosis, changes in fusion pore conductance are also used as criteria when distinguishing between kiss-and-run and the full collapse model. A rapid opening and closing of the fusion pore indicates kiss-and-run, whereas fusion pore opening followed by expansion indicates full collapse fusion. Addressing this question requires a similar but different category technique, called cell-attached recording. The signal-to-noise ratio is improved with this technique, and only responses from the small piece of membrane clamped to the electrode are recorded.
Ling-gang WU's group successfully made the first cellattached recordings at the release sites of the calyx of Held by removing the principal neuron with a large pipette [19] ( Figure  4A ). When the nerve terminal was depolarized through the addition of a high concentration of KCl in order to trigger vesicle fusion, the magnitude of the small up-steps in the [18] , copyright by the Journal of Neuroscience. (B) Left: sampled membrance capacitance (Cm) traces induced by ten depolarizing pulses of 20 ms from -80 to +10 mV at 10 Hz. Arrow indicates a DCS (downward capacitance shift). Right: plot of the DCS using a larger scale. Note that the DCS is about 100 fF, equivalent to more than 1000 regular vesicles. Reproduced from Wu et al (2007) [20] , copyright by the Proceedings of the National Academy of Sciences. Note that only a small fraction of the Gp can be detected because of the rapid expansion of fusion pore. A-C are reprinted by permission from Macmillan Publishers Ltd: Nature [19] , copyright 2006.
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Acta Pharmacologica Sinica npg capacitance, indicating exocytosis, agreed with the singlevesicle capacitance estimated from EM studies [22] ( Figure  4B ). Approximately 20% of the time, capacitance flicker was observed. The term "flicker" is used because the capacitance trace displayed up-and down-steps of similar size with durations of 10 ms to 2 s, suggesting that each step was due to the movement of the same vesicle ( Figure 4B ). In some cases, fusion pore conductance could be detected with a mean conductance of about 66 picosiemens (ps), equivalent to a fusion pore diameter of about 1 nm ( Figure 4C ). Within 200 ms, the fusion pore opens, pauses and closes, indicating kiss-and-run endocytosis. This capacitance flicker provides a best piece of evidence for the existence of kiss-and-run endocytosis at CNS synapses. The rapid opening and closing of the fusion pore involved in kiss-and-run endocytosis can control quantal release and thus influence post-synaptic response [19, 23] . In the majority of the fusion events, the up-steps of exocytosis are not followed until much later by the down-steps of endocytosis, presumably reflecting slow endocytosis. In cases where the fusion pore conductance can be measured, the fusion pore opens and expands to an undetectable level within 10-300 ms, demonstrating the full collapse of vesicle fusion [19] . Furthermore, about 20% of the capacitance down-step events induced by stimulation (high KCl or current injection) were large down-steps, with a mean of about 600 aF (ranging from 220-3000 aF). This is a much larger shift than could be explained by a conventional single vesicle's capacitance (22-220 aF, with a mean of about 73 aF). These large down-steps probably reflect bulk endocytosis, which we discuss in a later section [24] . In summary, during the course of cell-attached recordings under high KCl stimulation, the majority of fusion events suggest full collapse with slow endocytosis. Only a small percentage indicate either kiss-and-run endocytosis with different fusion pore sizes or rapid bulk endocytosis.
Calcium/calmodulin triggers all forms of endocytosis
How the different forms of endocytosis are initiated has remained an incompletely resolved question since the discovery of endocytosis three decades ago. Our lack of understanding is likely due to the difficulty in distinguishing between exocytosis and endocytosis. In a recent study [25] , when 10 mmol/L of BAPTA (a fast calcium buffer) was added to the presynaptic pipette solution, only a small amount of exocytosis was observed, indicating that the buffer blocked a large amount of calcium-dependent exocytosis. Endocytosis, however, was completely blocked ( Figure 5A ). This simple experiment indicates that endocytosis is calcium-dependent [25] . Given that calcium is the first signal to trigger exocytosis, it may also be an initiator of endocytosis. If this hypothesis is correct, endocytosis will be slowed or completely inhibited in a low-calcium environment. Conversely, a calcium-initiated model of endocytosis would predict accelerated endocytosis in a high-calcium environment. The inhibition of endocytosis was tested using double-patch recordings at the calyx of Held nerve terminals and principal neurons using a presynaptic pipette solution containing 750 nmol/L calcium. Presynaptic membrane capacitance was measured and analysed in conjunction with postsynaptic miniature excitatory postsynaptic current (mEPSC) events. mEPSC responses reflect only the exocytosis of the presynaptic membrane, whereas presynaptic membrane capacitance demonstrates the net effect between [25] . [25] . The speeding up of endocytosis was also tested by increasing the stimulation intensity. Ten stimulating pulses at 10 Hz were applied to the nerve terminal with different pulse durations (ranging from 2 to 50 ms) to increase calcium influx. Endocytosis was seen to accelerate following this protocol. If the calcium concentration of the bath solution was increased from 2 mmol/L to 5.5 mmol/L and a 50-ms pulse train was used, both fast endocytosis and an overshoot of endocytosis were observed ( Figure 5B ). Endocytosis overshoot indicates that the amount of endocytosis is more than the immediately preceding exocytosis [25] . Calcium has also been shown to initiate bulk endocytosis. The addition of 70 mmol/L of EGTA (a slow calcium buffer) to the presynaptic pipette solution dramatically decreased the probability of detecting bulk endocytosis. Furthermore, fusion pore closure was seen to be much slower in the presence of EGTA [25] , demonstrating that calcium also controls the fission rate of bulk endocytosis ( Figure 5C ).
Calmodulin (CaM) is a calcium sensor that mediates all forms of calcium-dependent endocytosis. Using different kinds of calmodulin blockers differentially inhibits either slow or fast endocytosis. Bulk endocytosis can also be blocked by [24] .
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Compound vesicle fusion and bulk endocytosis
It is known that there are three forms of endocytosis: clathrinmediated slow endocytosis, kiss-and-run endocytosis, and bulk endocytosis. It has also been established that there are two forms of vesicle fusion: kiss-and-run fusion and full collapse fusion. Bulk endocytosis does not appear to correlate with any known form of exocytosis. In 2009, a new mode of exocytosis, called compound exocytosis, was proposed in the calyx of Held [24] . Compound fusion describes a kind of fusion among small vesicles forming large vesicles. These large vesicles have an increased quantal size and undergo compound exocytosis followed by bulk endocytosis.
Up-steps and down-steps in capacitance detected by cellattached recordings at release sites of the calyx of Held reflect exocytosis and endocytosis, respectively. In control conditions, most of the up-and down-steps are smaller than about 220 aF, which is a regular vesicle's maximal capacitance, based on findings from EM studies [22] . This suggests that most of the observed releases are from single vesicles. However, when high KCl (about 75 mmol/L) was applied to stimulate the cell, about 20% of the up-steps were larger than 220 aF with an average of about 600 aF ( Figure 6A, 6B) . This suggests the possibility of compound fusion among regular vesicles. EM studies have also confirmed this phenomenon. Large vesiclelike structures were observed after 50-100 mmol/L KCl stimulation for about 2 min, which could be interpreted as compound fusion [26] ( Figure 6C ). Recordings of mEPSCs from postsynaptic cells in the presence of high KCl also revealed extraordinarily large mEPSC responses (100-300 pA), further implying that compound fusion could increase quantal size [27] [28] [29] [30] (Figure 6D, top) . Together, these three pieces of evidence suggest the existence of compound exocytosis.
Compound fusion is observed in both rats and mice. However, in synaptotagmin-II knockout (syt2 -/-) mice, high KCl failed to induce large up-or down-steps in capacitance; only regular up-and down-steps were observed ( Figure 6B, right) . Moreover, large vesicle-like structures were not visible by EM following stimulation with high KCl (Figure 6C ). Furthermore, the mEPSC measured from the postsynaptic cells showed no large events, indicating a small quantal size ( Figure  6D , bottom). Synaptotagmin is an immediate calcium sensor that mediates calcium-dependent exocytosis, and in the calyx of Held, synaptotagmin-II mediates this rapid fusion event [31] . These results together suggest that, similarly to regular fusion events, compound fusion requires synaptotagmin. Experiments have also shown that compound fusion requires calcium. Neither regular nor large up-or down-steps in capacitance are observed when neurons are stimulated with high KCl in a calcium-free extracellular solution.
Calcium and synaptotagmin-II mediate compound fusion [24] . However, all results showing this effect were obtained under high KCl, which is non-physiological condition, raising the question of whether compound fusion also occurs under physiological conditions. Since calyx of Held synapses can fire at rates of up to several hundred Hz of stimulation for relatively long periods of time, Ling-gang WU's group applied 100 Hz stimulation for 20 s to mimic physiological stimulation that may occur in vivo during auditory processing. Capacitance recordings from release sites showed that during, and even after, stimulation, large up-steps larger than 220 aF were observed, further confirming the existence of compound fusion [24] . One prediction regarding compound fusion is that it would increase quantal size and synaptic strength. Large mEPSC (100-300 pA) have been demonstrated under high KCl stimulation ( Figure 6D, top) , suggesting an increase in quantal size. To test the effect of compound fusion on synaptic strength, the same research group applied axonal stimulation to generate action potentials in the nerve terminals and measured mEPSCs along with evoked-EPSCs from the post-synaptic cells [24] . When a 100-Hz train of stimulation was applied, the evoked-EPSC increased immediately, a well-known phenomenon known as PTP (post-tetanic potentiation). PTP was followed by a decay lasting a few minutes [32, 33] . Interestingly, PTP was accompanied by an increase in mEPSC size. The mEPSC size increase did not match the fast EPSC size increase (PTP fast ) immediately following stimulation but overlapped with the EPSC increase after about 1-2 min. A most recent work from this group showed that PTP is composed of two components: a PKC (protein kinase C)-dependent increase of quantal content and a PKC-independent increase of quantal size [34] . The slow component of PTP (PTP slow ) is dominated by the quantal size increase as a result of compound fusion. Because PTP is widely observed at many synapses following intensive stimulation [32, 35] , in addition to the contributions from postsynaptic effects [36] [37] [38] , it is proposed that compound fusion, may also play an important presynaptic role in synaptic plasticity [35, 39] . Because compound fusion requires calcium and synaptotagmin-II, an intuitive speculation is that the same requirement applies to PTP. PTP in wild-type mice is similar to that observed in rats ( Figure 6E, left) . In synaptotagmin-II knockout mice, however, EPSC and mEPSC potentiation disappeared following stimulation, which strongly suggests that synaptotagmin-II is required for PTP [24, 31] (Figure 6E , right). When EGTA was added to the extracellular solution to buffer calcium, PTP and mEPSC potentiation disappeared, further confirming the requirement of calcium [24] . In addition to large up-steps in capacitance, large downsteps were also observed in the same conditions used to observe compound fusion. These down-steps occurred later than the up-steps, were of similar size, and were not observed in synaptotagmin-II knockout mice. These results further suggest the existence of bulk endocytosis followed by compound exocytosis.
Taken into account recently published data, a new recycling model has been proposed [24] . In this model, compound fusion occurs among small regular vesicles to form large vesicles. These large vesicles have an increased quantal size and undergo compound exocytosis, thereby increasing synaptic strength through PTP. These vesicles are then retrieved by 
Conclusion and outlook
In summary, influxes of calcium into the nerve terminal trigger different forms of exo-and endocytosis. There are three forms of vesicle cycling: 1) kiss-and-run exo-endocytosis, which involves rapid opening and closure of the fusion pore; 2) full collapse of the vesicle membrane with the plasma membrane, followed by a slow clathrin-mediated endocytosis; and 3) compound vesicle fusion followed by bulk endocytosis ( Figure 6F ). All three forms cooperate to ensure the efficiency of vesicle recycling at the presynaptic nerve terminal. In addition to recycling, these forms of exo-and endocytosis may also regulate quantal size. Kiss-and-run endocytosis utilizes a small fusion pore that can decrease quantal size and may have effects on synaptic strength. Compound fusion can increase quantal size and subsequently induce synaptic potentiation. Each of these mechanisms provides various ways for the terminal to adjust synaptic transmission and plasticity under different physiological conditions. A recent study from Tsien's group elegantly demonstrated the efficiency of vesicle cycling. Using Qdots (quantum dots) to distinguish between the multiple modes of fusion events, they found that different vesicle cycling modes predominated under different conditions. During a train of stimulation, kiss-and-run endocytosis gradually gave way to full collapse endocytosis [40] . Although our knowledge of vesicle exocytosis and endocytosis has been greatly expanded in the past decades, many questions remain unanswered. We know that many proteins participate in clathrin dependent endocytosis, although their detailed function and mechanisms are still unclear. Other than the existence of kiss-and-run endocytosis, its physiological function and molecular mechanisms are largely unknown. With respect to bulk endocytosis, the final fission process has not been resolved and its molecular regulation has received little attention. Ongoing studies combining capacitance measurements, scanning ion conductance microscopy (SICM), quantum dots, fluorescent dye imaging and series EM reconstructions may give answers to these questions in the near future.
